The DNA polymerase 4 protein (Pol4) of Saccharomyces cerevisiae is a member of the X family of DNA polymerases whose closest human relative appears to be DNA polymerase l. Results from previous genetic studies conflict over the role of Pol4 in vivo. Here we show that deletion of Pol4 in a diploid strain of the SK1 genetic background results in sensitivity to methyl methanesulfonate (MMS). However, deletion of Pol4 in other strain backgrounds and in haploid strains does not yield an observable phenotype. The MMS sensitivity of a Pol4-deficient strain can be rescued by deletion of YKu70. We also show that deletion of Pol4 results in a 6-to 14-fold increase in the MMS-induced mutation frequency and in a significant increase in AT-to-TA transversions. Our studies suggest that Pol4 is critical for accurate repair of DNA lesions induced by MMS. S ACCHAROMYCES cerevisiae DNA polymerase 4 is a member of the Pol X family of DNA polymerases. The Pol X family is related to a larger group of nucleotidyltransferases (Aravind and Koonin 1999) and includes polymerases b, l, m, and the template-independent terminal deoxynucleotidyltransferase. Of these enzymes, Pol4 shares the most sequence homology with mammalian DNA polymerases l and b, respectively.
S
ACCHAROMYCES cerevisiae DNA polymerase 4 is a member of the Pol X family of DNA polymerases. The Pol X family is related to a larger group of nucleotidyltransferases (Aravind and Koonin 1999) and includes polymerases b, l, m, and the template-independent terminal deoxynucleotidyltransferase. Of these enzymes, Pol4 shares the most sequence homology with mammalian DNA polymerases l and b, respectively.
S. cerevisiae DNA polymerase 4 is a 68-kDa protein first identified on the basis of sequence similarity to Polb (Bork et al. 1992) . The purified protein exhibits distributive DNA synthesis activity on a 39-recessed primer template substrate and processive DNA synthesis on a small five-nucleotide gapped substrate (Prasad et al. 1993; Shimizu et al. 1993) . Deletion of the Pol4 gene demonstrated that it is not essential for viability, but there are conflicting results regarding its role in vivo. Prasad et al. (1993) found no role for Pol4 in sporulation or spore viability, no alteration of spontaneous mutation frequencies in pol4 vs. wild-type strains, and no sensitivity of the pol4 strain to DNA-damaging agents alone or in combination with other polymerase mutants. Budd and Campbell (1995) showed that Pol4 does not function in repair of DNA damage but they reported that Pol4 is induced during meiosis and that pol4 spores had decreased viability and slow growth when compared to wild-type spores. Similar to the findings of Budd and Campbell, Leem et al. (1994) reported that Pol4 is induced during meiosis but pol4 spores in their study had wild-type levels of viability. In addition, they found that pol4 cells had increased rates of illegitimate mating and that diploid cells had increased rates of meiotic intragenic recombination, were sensitive to methyl methanesulfonate (MMS), and exhibited elevated levels of meiotic double-strand breaks (DSBs) (Leem et al. 1994 ). Therefore, unlike previous findings, Leem et al. (1994) reported that Pol4 does function in the repair of MMS-induced DNA damage and showed that this function is in a pathway separate from that of Rev3.
More recently, Pol4 has been found to play a role in end-joining reactions, involving a plasmid substrate, when end processing is required (Wilson and Lieber 1999) . Additionally, Pol4 is known to interact with S. cerevisiae Rad27 and Dnl4/Lif1 and to function in endjoining reactions in vitro in concert with these proteins Tomkinson 2002, 2004) .
Interestingly, aside from the conflicting findings of Leem et al. (1994) and Budd and Campbell (1995) regarding spore viability, all genetic experiments yielding a pol4 phenotype were performed in diploid strains of an SK1 background, suggesting that variation in strain background and genetic differences between SK1 and other wild-type laboratory strains (Primig et al. 2000; Williams 2002 ) have an influence on Pol4 function.
The findings of Leem and colleagues, together with the known roles of Poll and Polb in DNA repair and genome maintenance, prompted us to readdress the role of Pol4 in vivo. We found that Pol4-deficient cells are sensitive to MMS in an SK1 strain background and that the polymerase activity of Pol4 is important for the repair of MMS-induced DNA damage. Further examination of Pol4 by epistasis analysis with YKU70, which functions in nonhomologous end joining (NHEJ), suggests a role for Pol4 in NHEJ in vivo. In addition, we show that deletion of Pol4 does not affect spontaneous mutation frequency but it does result in a 6-to 14-fold increase in the MMS-induced mutation frequency. The types of mutations induced in MMS-treated cells lacking Pol4 appear to differ from those that arise in wild-type cells. Therefore, this work demonstrates a function for Pol4 in the maintenance of genomic stability during repair of MMS-induced alkylation damage and is consistent with previous findings of a role for Pol4 in the repair of DNA strand breaks through a NHEJ mechanism (Wilson and Lieber 1999; Tomkinson 2002, 2004) .
MATERIALS AND METHODS
Yeast media, strains, and genetic manipulations: Yeast strains were grown in standard media (Guthrie 1991) . Three different strain backgrounds were employed in the experiments described here and are noted in Table 1 . Cells were grown nonselectively in YPADU (1% yeast extract, 2% Bacto-peptone, 2% dextrose, supplemented with 0.3 mm adenine and 0.2 mm uracil, and 2% agar for plates) and selected growth was in synthetic complete (SC) media lacking the appropriate amino acids. SC media lacking arginine and containing 60 mg of canavanine per liter were used to identify forward mutations in the CAN1 gene. For study of the lys2DBgl allele frameshift assay, colonies were grown in YPEGE (1% yeast extract, 2% Bacto-peptone, 2.5%, supplemented with 2% glycerol/2% ethanol) and plated either on YPADU, for plating efficiency, or on media without lysine to detect frameshift lys2DBgl revertants (Greene and Jinks-Robertson 1997) .
The genotypes of strains used in this study are listed in Table  1 . JSY1 and JSY2 were gifts of Akio Sugino. The pol4DTURA strains were constructed using one-step targeted gene disruption. The deletion cassette was amplified by PCR with the primers CHS5 (59-atcttttaatgattattaagatttttattaaaaaaaaattcgctc ctcttgggtaataactgatataatt-39) and CHS6 (59-cagttgtaataagtaaag gataaacatgcgacctgttagacaaatcgcacagcttttcaattcatc-39) where the first 40 bases are homologous to the POL4 sequence just inside of the start and stop sites, respectively, of the POL4 coding region and the remaining bases are homologous to the 59 16 bases (CHS6) and the 39 20 bases (CHS5) of URA3 in the plasmid p426GPD (Mumberg et al. 1995) used as template. Deletion of POL4 was identified by colony PCR using the , 30 sec at 50°, 2 min at 72°, and a final extension of 10 min at 72°. The resulting products were resolved by electrophoresis on a 1% agarose gel (American Bioanalytical), an example of which is shown in Figure 1 . The yku70DTTRP strain was constructed as described above using primers CHS110 (59-agctatgatttgttaagtgactctaagcctgattttaaaacgggaatatttggtgactattgag cacg-39) and CHS111 (59-ctaccaaatattgtatgtaacgttatagatatgaag gatttcaatcgtctctccttacgcatctgtgc-39) where the first 40 bp are homologous to the YKU70 sequence just inside of the start and stop sites, respectively, of the YKU70 coding region, and the remaining base pairs are homologous to the 59 18 bases and the 39 18 bases of TRP1 in the plasmid pAS2.1 (CLONTECH, Palo Alto, CA), used as template in the PCR reaction. yku70DTTRP1 colonies were detected, as described above, using primers CHS114 (59-ttgttaagtgactctaagc-39) and CHS115 (59-taacgttata gatatgaagg-39), located 40 bases upstream and downstream of the YKU70 coding region. Wild-type YKU70 (1708 bases) and yku70TTRP1 (774 bases) PCR products were differentiated by gel electrophoresis as previously described. Transformations to create gene deletions or introduce plasmids were carried out by the lithium acetate procedure (Ito et al. 1983) .
Measurement of growth rates: To measure growth rates of wild-type and deletion strains, overnight cultures were diluted to optical density 600 nm ¼ 0.1 and incubated with shaking at 30°. The optical density at 600 nm was measured at regular intervals.
Sensitivity to DNA-damaging agents: The sensitivity of various strains to DNA damaging agents was characterized by spotting 5 ml of 10-fold serial dilutions (starting at 2 3 10 7 cells/5 ml) onto plates containing DNA-damaging agents at the indicated concentrations. To assess cell killing by MMS, overnight cultures were diluted and grown to 1 3 10 7 cells/ml. Appropriate serial dilutions were plated on YPD plates containing 0-0.06% MMS and colonies were counted after 3 days of growth at 30°. The percentage of survival was determined by dividing the total number of colonies grown in the presence of MMS by the total number of colonies grown in the absence of DNA damage.
Measurements of spontaneous and MMS-induced mutagenesis using the canavanine-resistance assay: Forward mutation frequencies were determined on the basis of a previously described protocol (Hadjimarcou et al. 2001) . Briefly, cells were grown in 5 ml YPADU to saturation. Cells were harvested by centrifugation, washed once, and resuspended in 1 ml sterile water. One hundred microliters of various dilutions were spread on SC-Arg to determine the viable cell count and on SCArg containing canavanine, with and without 0.02% MMS, to determine the number of mutants arising spontaneously and induced by MMS treatment. Mutation frequency was calculated by dividing the total number of canavanine-resistant colonies by the total number of colonies plated.
Can r mutation spectra: DNA from independent Can r colonies was isolated and the CAN1 gene was amplified using colony PCR as described above with the primers CANF1 and CANR1 (Huang et al. 2002) . PCR products were purified using the QIAGEN (Chatsworth, CA) PCR purification kit and sequenced with primers CHS84 (59-tggccgcaccaaatgc-39), CHS85 (59-ggtttg cagcttcaccagc-39), and CHS86 (59-cgtggaaatgtgatcaaaggt-39) located inside the CAN1 coding region. DNA sequencing was performed at the Keck Facility at Yale University School of Medicine.
Measurements of spontaneous and MMS-induced mutagenesis using the lysDBglI frameshift assay: The lys2DBgl reversion frequency was obtained and isolation of revertants was performed as previously described (Greene and JinksRobertson 1997) . Briefly, 2-day-old colonies were isolated from YEPD plates and inoculated into 5 ml YPEGE liquid. Cells were grown for 2 days at 30°shaking. Cells were harvested by centrifugation, washed once with 1 ml dH 2 O, and resuspended in 1 ml dH 2 O. One-hundred-microliter aliquots of the appropriate dilutions were plated in the presence and absence of 0.02% MMS on YEPD to determine the number of viable cells and on SC-lys to select Lys 1 revertants. Frameshift frequency was calculated by dividing the number of Lys 1 cells by the total number of cells plated on YEPD alone. A 900-bp region containing the lys2DBgl reversion window was amplified from the Lys 1 revertants using colony PCR as previously described (Greene and Jinks-Robertson 1997) . The amplified DNA was purified using the QIAGEN PCR purification kit and DNA sequencing was performed by the Keck Facility at Yale University School of Medicine. The pol4T URA3 disruption cassette was made as follows. Plasmid p426GPD containing the URA3 (gray box) gene was used as a template for PCR with primers containing homology to POL4 (red) and URA3 (black) as described in materials and methods. The resulting pol4TURA3 cassette (homology to Pol4 shown in black, URA3 gene shown in gray) was used to transform ura3 S. cerevisiae. (B) Colony PCR was performed with DNA isolated from candidate URA 1 colonies and the resulting PCR product was resolved on a 1% agarose gel. Wildtype Pol4 results in a 2-kb PCR product (lane 1) while pol4T URA resulted in a 1.6-kb product (lane 2). In this instance POL4 was deleted in JSY123 to create JSY201.
RESULTS

Cells deleted of DNA polymerase 4 grow normally:
To determine if deletion of Pol4 in cells affected growth, pol4 cells were assayed for viability, as described in materials and methods. The pol4 cells are viable and deletion of POL4 does not affect the growth rate of the haploid or diploid strains as shown in Figure 2 . Thus, consistent with previous findings, Pol4 is not required for normal growth of cells (Prasad et al. 1993; Leem et al. 1994; Budd and Campbell 1995) .
Sensitivity of Pol4-deficient S. cerevisiae to DNAdamaging agents: Although Pol4 is not required for normal cellular growth, previous work regarding its cellular role is controversial. Some work shows an important role for Pol4 in the repair of damage induced by the S N 2 alkylation agent MMS in diploid cells (Leem et al. 1994) , whereas other groups reported no sensitivity to DNA-damaging agents (Prasad et al. 1993; Budd and Campbell 1995; McInnis et al. 2002) . It is important to note that pol4 strains that showed no sensitivity to MMS were haploid cells.
To identify potential DNA repair pathway(s) in which Pol4 is involved, we tested the sensitivity of pol4 diploid strains with the SK1 genetic background to a variety of DNA-damaging agents as shown in Figure 3 . Of the agents tested, we found that only pol4/pol4 strains were sensitive to MMS in this qualitative assay. We confirmed this to be the case in quantitative survival assays, an example of which is shown in Figure 4 . Interestingly, MMS sensitivity is observed only in pol4 diploid cells with an SK1 strain background as compared to the BR19198b strain background, as shown in Figure 5 .
Pol4 may function in an end-joining pathway: Previous work with Pol4 indicated that Pol4 played a role in nonhomologous end joining of plasmid substrates particularly when end processing was required (Wilson and Lieber 1999) and more recent work has identified two Pol4-interacting factors, Dnl4/Lif1 and Rad27. These proteins stimulate each other's function and operate in joining DNA substrates containing 59-ends that require processing prior to joining Tomkinson 2002, 2004) . To determine if Pol4 functions in NHEJ, we analyzed the MMS sensitivity of pol4 cells in combination with yku70. YKu70 is a DNA end-binding protein involved in protecting ends from degradation during NHEJ and yku70 mutant strains have a dramatic decrease in end joining in the absence of homologous recombination (Milne et al. 1996; Siede et al. 1996; Chen et al. 2001; Tomitaet al. 2003; reviewed in Dudasova et al. 2004) . In the strains that we examined, yku70 cells were not sensitive to MMS-induced DNA damage as shown in Figure 4 . Deletion of YKU70 in pol4 cells rescued the MMS sensitivity of the pol4 strain (Figure 4 ). This suggests that YKU70 may be upstream of Pol4 in the repair of DNA damage and that elimination of KU70 results in repair by another pathway, perhaps homologous recombination.
Pol4 is involved in maintaining genomic integrity during repair of DNA damage: To determine if Pol4 is important for accurate DNA repair, we characterized the frequency and types of mutations that arise in the absence of Pol4 using the canavanine assay in the SK1 strain background. POL4 was deleted in haploid strains JSY177 and JSY178 to create JSY199 and JSY200. The Can R spontaneous mutation frequency is similar for wild-type and pol4 cells in each of three different experiments, as shown in Table 2 . Surprisingly, deletion of Pol4 results in a 6-to 14-fold increase in the MMS-induced Can R mutation frequency, as shown in Table 2 . We sequenced the Can R mutants induced by MMS in experiment 2 (Table 2) to determine the types of mutations that arose in wild-type and pol4 cells. Analysis of the Can R mutants revealed that pol4 mutants have a mutation spectrum that is different from that of wild-type cells as shown in Figure 6 . In fact, comparison of the wild-type and pol4 MMS-induced spectra by the Adams and Skopek algorithm suggests that they are significantly different (P , 0.001) (Adams and Skopek 1987) . However, caution should be taken with this interpretation because large numbers mutants (.100) are not present in each of the spectra. The types of mutations induced by MMS are shown in Table 3 . In the pol4 strain, the frequencies of each type of base substitution are increased over that of wild type. Most notably, we observed a 93-fold increase in AT-to-TA transversions in the Pol4-deficient cells. Analysis of the classes of mutations by the Adams and Skopek algorithm suggests that the only significant difference in mutational classes is AT to TA with a P-value of 0.011. We may also observe an increase in the frequency of TA-to-CG transitions and duplications in the pol4 cells. However, the numbers of observed Figure 2 .-Growth curves of pol4 mutant haploid and diploid cells with an SK1 background. Overnight cultures were diluted to OD 600 ¼ 0.1 and grown at 30°for 7 hr. and OD 600 was measured at the indicated times to determine cellular growth rates. Wild-type diploid ( n ), MATa (;), and MATa (:) grow at the same rate as pol4 diploid (d), MATa (X), and MATa (¤). mutations in these categories are small, so the significance of the calculated differences is not known. The duplications that we observe appear to be microhomology mediated, as suggested by the homologous sequence present upstream and downstream of both the duplications and deletions as shown in Figure 6 .
Pol4 is not a frameshift mutator: To determine if deletion of POL4 alters the frequency or types of frameshift mutations observed in wild-type cells, we compared frameshift mutagenesis of wild-type and pol4D strains using the lys2DBgl assay (Greene and Jinks-Robertson 1997) . POL4 was deleted with URA3 in SJR335 and SJR357 to create JSY203 and JSY204. Frameshift mutations were measured as the number of viable Lys 1 colonies. We found the spontaneous frameshift frequencies for haploid cells to be quite similar for wild-type and the pol4 strain in the presence and absence of 0.02% MMS in both haploid and diploid cells, as shown in Table 4 . This suggests that deletion of Pol4 does not alter frameshift frequencies in vivo. Sequencing of the Lys 1 colonies showed that the spectrum of frameshifts was similar in the wild-type and pol4 strains (data not shown).
DISCUSSION
The goal of our studies is to understand the role of S. cerevisiae DNA polymerase 4 in vivo. We show that cells that are deficient in Pol4 are sensitive to MMS in the diploid SK1 strain background. We also demonstrate that the MMS sensitivity of pol4 cells can be rescued by deletion of YKu70, a protein that is required for the initial steps of nonhomologous end joining. These results indicate that Pol4 may function in an end-joining pathway, downstream of Ku70, which is consistent with what has been observed in vitro Tomkinson 2002, 2004) . We also show that deletion of POL4 results in an increase in the MMS-induced mutation frequency. In the absence of Pol4, we observe a significant increase in AT-to-TA transversions. These results indicate that Pol4 is critical for accurate repair of DNA damage and, most likely, accurate repair of A adducts.
Pol4 exhibits a phenotype in cells with the SK1 strain background: Before we initiated this project, a review of the literature suggested that only cells with an SK1 strain background exhibited an MMS-sensitive phenotype in the absence of Pol4. Our studies confirm these observations. The MMS sensitivity of SK1 diploid pol4 cells may reflect documented, but poorly understood, genetic differences between the SK1 strain background and other wild-type laboratory strains such as S288c, for which sequence information is available (Primig et al. 2000) . Primig et al. (2000) reported 39 gene deletions and 2025 polymorphisms in SK1 compared to S288c and Williams (2002) reported 39 large deletions and 2025 differentially expressed transcripts in SK1 relative to S288c. Although analysis of the genes missing in SK1 cells does not reveal any proteins whose absence would clearly explain the observed MMS sensitivity of pol4/pol4 cells, perhaps some of the best candidates are genes encoding proteins involved in transport. For example, both YDR036c and YGL051w are deleted in SK1 cells and are involved in endocytosis and vesicle formation, respectively. Perhaps in their absence intracellular MMS accumulates. Additionally, absence of the transporter encoded by YDR038c could result in increased amounts of intracellular MMS in diploid cells of an SK1 background, leading to increased cellular damage.
The Pol4-specific DNA repair pathway is important for survival of diploid cells: Deletion of Pol4 results in MMS sensitivity in diploid, but not haploid, cells. The MMS-sensitive phenotype can be rescued by deletion of YKU70. YKu70 is involved in the protection or alignment of ends when DNA breaks are repaired in an end-joining pathway. Our data are consistent with the interpretation that Pol4 functions downstream of Yku70 in an end-joining pathway in S. cerevisiae. We suggest that chronic exposure to MMS results in strand breaks. Once the ends of these breaks are aligned, Pol4 is likely to participate in gap filling. This suggestion is consistent with the finding that deletion of Pol4 results in a large deficiency in the joining of the ends of plasmids that contain breaks predicted to have 59 or 39 overhangs once they are aligned using microhomology (Wilson and Lieber 1999) . In our strains, elimination of KU70 most likely results in DNA damage being repaired by a KUand Pol4-independent repair pathway. An alternative explanation is that because pol4 and ku70 are not epistatic, they are not members of the same DNA repair pathway. We do not favor this explanation because other studies have indicated a role for Pol4 in end joining Tomkinson 2002, 2004) .
It is not entirely clear why diploid, but not haploid, cells require Pol4 to survive the effects of MMS. It is known that Nej1, which is important for localizing Lif1 to the nucleus, is regulated by the MATa/MATa repressor (Valencia et al. 2001) and that Lif1 interacts with Dnl4 (Herrmann et al. 1998 ). Dnl4 and Lif 1 are homologs a The spontaneous mutation frequency was calculated by dividing the number of colonies on SC-Arg with Can by the number of colonies on SC-Arg.
b The MMS-induced mutation frequency was calculated by dividing the number of colonies on SC-Arg with Can and 0.02% MMS by the number of colonies on SC-Arg with 0.02% MMS and subtracting the spontaneous mutation frequency.
Figure 5.-Sensitivity of pol4 to MMS is observed in SKI diploid cells. pol4 diploid and haploid cells of either SK1 (Leem et al. 1994) or 19198-B (Rockmill and Roeder 1990) backgrounds were analyzed for sensitivity to MMS by plating serial dilutions on plates containing 0.02% MMS as described in materials and methods. wt 2n and pol4 2n are diploid cells. wt a, wt a, pol4a, and pol4a are haploid cells of the indicated mating type.
of mammalian DNA ligase IV/XRCC4 and function in ligation of DNA ends. Interaction of Lif1 with Dnl4 results in its stabilization. This results in the stabilization of Dnl4, targeting it to DSBs, and stimulating Dnl4 activity (Teo and Jackson 2000) . Control of Nej1 expression by the MATa/MATa repressor limits Nej1 expression to haploid cells. Therefore, it is thought that Dnl4 and Lif1 participate in NHEJ activities in haploid cells. If Pol4 functions in Ku-dependent NHEJ in diploid cells, our data suggest that Pol4 may function in a Nej1/Lif1-independent end-joining pathway. In SK1 diploid cells, Pol4 may target Dnl4 to sites of DNA damage independently of Lif1 and Nej1 or Pol4 may function with another ligase such as Cdc9 or a yet-unidentified ligase (Wu et al. 1999; Wang et al. 2004) .
Pol4 is important for accurate DNA repair in haploid cells: To determine if Pol4 is important for genomic stability, we characterized spontaneous mutagenesis and the types of mutations that arose in the presence of a low dose of MMS. We found that spontaneous mutation frequencies did not vary between wild-type and pol4 cells but we observed a 6-to 14-fold increase in the MMS-induced mutation frequency of pol4 cells compared with wild-type cells. This suggests that Pol4 is important for accurate repair of DNA damage in haploid cells, even though it is not critical for their survival. Sequencing of the canavanine gene from CAN R colonies that arose after exposure to MMS showed that the mutation spectrum of pol4 cells is significantly different from that of wild type. Analysis of the mutation spectra reveals an increase predominantly in the frequency of AT-to-TA base substitutions. Because MMS is an S N 2 alkylating agent that forms 7 methylguanine and 3 methyladenine (3MeA) adducts (Hoffmann 1980; Singer and Brent 1981) , our data suggest that Pol4 is especially important for the accurate repair of 3MeA.
The MMS-induced mutation spectrum suggests that 3MeA DNA adducts give rise to the AT-to-TA base substitution mutations that we observe. This lesion is known to interfere with DNA synthesis and to be extremely detrimental to cellular survival (Racine et al. 1993; Engelward et al. 1998; Morales and Kool 2000) . Pol4 may function directly at the replication fork, in place of the replicative polymerases when the fork is blocked by a 3MeA adduct, although no direct evidence exists that supports this idea. Because Pol4 is not required for haploid cells to survive in the presence of MMS, our results suggest that another polymerase, perhaps a member of the Y family of translesion polymerases, is able to function in place of Pol4 at the fork, but that this results in the induction of mutations. Whether Pol4 is able to accurately bypass a 3MeA adduct, or whether it functions in repair synthesis at the replication fork, remains to be determined. An alternative explanation is that Pol4 functions in the gap-filling step of base excision repair (BER), because methylated base adducts are known to be repaired predominantly by BER (Freidberg et al. 1995) . If this were the case, a polymerase other than Pol4, perhaps one that is error prone, would be predicted to function in its place, inserting T opposite template T once the methylated A has been excised.
In the MMS-induced mutation spectra we also observed a possible increase in large duplications, which appears to be homology mediated. Ma et al. (2003) identified a Ku independent end-joining pathway termed microhomologymediated end joining (MMEJ), which is dependent upon the Mre11/Rad50/Xrs2 complex. In the absence of Pol4, homology-mediated duplications may occur through MMEJ. The duplications that we observe may result from strand displacement synthesis and lack of excision of the 59 flap. Interestingly, deletion of POL4 did not result in a change in the frequency of single base frameshift mutations. This indicates that Pol4 does not protect cells against these types of mutations or that redundant pathways may function in the absence of Pol4.
In summary, we have shown that Pol4 plays an important role in the processing of MMS-induced DNA damage. In SK1 diploid cells the polymerase activity of Pol4 is important for repair of MMS-induced DNA damage. The diploid-specific requirement of Pol4 for survival may be attributed to a Nej1/Lif1 independent end-joining mechanism or an ability of Pol4 to interact with Cdc9 or another DNA ligase during end joining. Finally, we identified a critical role for Pol4 in accurate DNA repair. Treatment of pol4 cells with a low dose of MMS leads to an increase in base substitutions, namely AT-to-TA transversions and homology-mediated duplications. These findings suggest a role for Pol4 in accurate repair of DNA damage.
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POL4 0.37 6 0.01 8.5 6 0.5 JSY203 pol4 0.72 6 0.3 8.4 6 1.0 SJR335 3 SJR357 POL4/POL4 3.2 6 1.0 22 6 5.0 JSY203 3 JSY204 pol4/pol4 3.9 6 1.0 15 6 3.0 a The spontaneous mutation frequency was calculated by dividing the number of Lys1 revertants on SC-Lys by the total number of colonies on YEPD.
b The MMS-induced mutation frequency was calculated as above, except the medium contained 0.02% MMS. The frequencies are averaged from three different experiments.
